A high-resolution look at where histones touch DNA reveals a surprisingly intricate, dynamic, and modular nucleosome. Three advances in the study by Rhee et al. include unexpected interactions between the H3 tail and linker DNA, new evidence for existence of subnucleosomal particles, and asymmetric patterns of histone modification within a single nucleosome that correspond to the direction of transcription.
A high-resolution look at where histones touch DNA reveals a surprisingly intricate, dynamic, and modular nucleosome. Three advances in the study by Rhee et al. include unexpected interactions between the H3 tail and linker DNA, new evidence for existence of subnucleosomal particles, and asymmetric patterns of histone modification within a single nucleosome that correspond to the direction of transcription.
In eukaryotic cells, DNA is packaged into nucleosomes. A single nucleosome consists of a protein spool made of histones, wrapped by DNA. In addition to packaging DNA, nucleosomes also compete with other DNA-binding proteins and thereby influence access to the regulatory information that controls DNA-dependent processes such as transcription, replication, and DNA repair. In this issue of Cell, Pugh and colleagues (Rhee et al., 2014 ) apply a high-resolution mapping approach called ChIP-exo in yeast to examine the genome-wide position and organization of the individual histones that comprise nucleosomes. Their findings reveal surprisingly complex nucleosome substructures and dynamics that immediately bring to light an exciting set of new questions for the field, while at the same time evoking early models of the nucleosome (Weintraub et al., 1976) .
Some background is required to set the stage for the three major advances derived from the results. The traditionally defined nucleosome core consists of an octamer of histone proteins, around which 147 bp of DNA is wrapped. This octamer is composed of two copies each of the histones H2A, H2B, H3, and H4. More specifically, dimers of H3 and H4 interact to form a tetramer, which is flanked on each side by a dimer of H2A and H2B. Pugh and colleagues used ChIP-exo to determine the precise location of individual histone proteins across the yeast genome. ChIP-exo is a modified version of conventional chromatin immunoprecipitation (ChIP) that provides high-resolution identification of binding sites for proteins that interact with DNA. Like ChIP, the first step in ChIP-exo is to covalently crosslink proteins to DNA with formaldehyde. After sonication to shear the chromatin into smaller fragments and immunoprecipitation with antibodies that recognize the protein of interest, ChIP-exo then uses lambda exonuclease to digest DNA strands in the 5 0 to 3 0 direction. Digestion is blocked when the exonuclease reaches a protein-DNA crosslink. After highthroughput sequencing, pairs of 5 0 ends on the forward and reverse strands (exonuclease stop points) thus represent the boundaries of a given protein-DNA interaction. ChIP-exo has previously been used to map binding sites for sequence-specific transcription factors (Rhee and Pugh, 2011) , preinitiation complexes (Rhee and Pugh, 2012) , and chromatin remodelers (Yen et al., 2012; Yen et al., 2013) .
The first intriguing result of Rhee et al. (2014) concerns the amino-terminal tail of histone H3, which is heavily decorated with posttranslational modifications and has important regulatory functions. ChIP-exo results for H2B and H4 histones identified crosslinking points that closely correspond to the genomic locations expected from the crystal structure (Luger et al., 1997) . On the other hand, ChIPexo results for histone H3 showed an unexpected crosslinking pattern. In the crystal structure, most of the amino acids comprising H3 reside at the nucleosome midpoint (called the ''dyad''), where they contribute substantially to DNA interactions (Luger et al., 1997) . However, the predominant H3-DNA interaction determined by ChIP-exo was located in the linker DNA that separates adjacent nucleosomes, not at the nucleosme dyad. The authors speculated that this interaction may be mediated through the N-terminal tail of histone H3, and then tested their hypothesis by performing ChIP-exo in a yeast strain lacking the first 28 amino acids of H3. While the crosslinking signal between H3 and linker DNA diminished in the H3D1-28 strain, a noticeable signal remained that was still greater than the H3 signal at the dyad. Since approximately ten amino acids of the H3 tail are still present in the H3D1-28 strain, the source of the residual H3-linker signal remains unresolved. The significance of this interaction has not yet been tested, but it is notable due to the known regulatory functions of the H3 tail and because interactions between histone tails and linker DNA may be important for higher-order chromatin organization.
The increase in resolution afforded by ChIP-exo allowed the authors to make a second important finding: new evidence for semi-independent behavior of each half of the nucleosome and for the existence of subnucleosomal particles. The nucleosome crystal structure shows that the histones are roughly symmetrical about the dyad axis, with one H2A/H2B dimer and one H3/H4 dimer located on each half of the nucleosome. Therefore, one might expect that the histone occupancies on one half of the dyad would be tightly correlated with the histone occupancies on the other half of the dyad. While histone occupancies across the nucleosome are indeed correlated, the authors found that histone occupancies on a given half of the dyad correlated much more closely with each other than with the histone occupancies on the opposite half of the dyad. H2B in particular had pronounced differences in occupancy across the two halves of the nucleosome. These differences in histone occupancies could be explained by the presence of subnucleosomal-sized particles consisting of hexasomes (nucleosomes that lack one H2A/H2B dimer) and half-nucleosomes (nucleosomes containing one H2A/H2B dimer and one H3/H4 dimer). Multiple groups have provided evidence for subnucleosomalsized particles previously (Floer et al., 2010; Henikoff et al., 2011; Kent et al., 2011) . These subnucleosomal particles were interpreted to be partially unwound nucleosomes, ''fragile'' nucleosomes, and nonhistone transcription factor complexes. The ChIP-exo data presented in Rhee et al. is consistent with previous findings and extends them by providing strong evidence that subnucleosomalsized particles smaller than hexasomes can consist of half-nucleosomes rather than H3/H4 tetramers.
The third important observation involves asymmetries in the posttranslational modifications and histone variants within nucleosomes. Since a given gene is transcribed predominantly in a single direction, the histone modifications and variants that contribute to different steps of the transcription cycle are typically deposited with a distinct polarity along the length of the gene. For example, H3K4me3 is primarily found at gene promoters, whereas H3K36me3 is enriched toward the 3 0 end of genes. The authors asked if there was transcription-correlated polarity at the level of individual histone proteins within a nucleosome by performing ChIP-exo using antibodies that recognize H3K9ac, H2Bub, and the histone variant H2A.Z. Remarkably, the histone H3 crosslinks that remained following H3K9ac ChIP were enriched primarily on the NFR-proximal half of the +1 nucleosome. The +1 nucleosome is the first nucleosome in a gene immediately downstream of the transcriptional start site and is typically preceded by a nucleosome free region (NFR). ChIP-exo with antibodies to all forms of H3 revealed no crosslinking in the NFR, suggesting that the H3K9ac interaction occurred only in a small subset of the population or was very transient. Further investigation revealed that this signal was only found at highly transcribed genes. H2Bub also showed a similar pattern of occupancy on the NFR-proximal half of the +1 nucleosome of highly transcribed genes. The histone variant H2A.Z was also incorporated into the +1 nucleosome; however, it was asymmetrically localized to the other side of the nucleosome, on the NFR-distal half ( Figure 1 ). This contrasts with previous ChIP-exo data in which H2A.Z showed symmetrical localization on the +1 nucleosome (Yen et al., 2013) . Interestingly, the chromatin remodeler that deposits H2A.Z into chromatin (SWR-C) was reported to localize asymmetrically to the opposite (NFR-proximal) side of the +1 nucleosome. Therefore, how H2A.Z becomes enriched on the NFR-distal half of the +1 nucleosome remains to be determined. It is possible that an asymmetry exists in the proposed cycle of H2A.Z deposition and removal by chromatin remodelers (Yen et al., 2013) . The three principal findings described by Rhee et al., namely the interactions between histone H3 and linker DNA, evidence for existence of subnucleosomal particles, and the asymmetric patterns of histone modifications and variants, add to the evidence for a complex and dynamic nucleosome. Pugh and colleagues have discovered important details of nucleosome structure that will inform future investigations into the mechanisms by which histone organization, modification, and stability contribute to transcription and other DNA-dependent processes. The histone variant H2A.Z is enriched at the +1 nucleosome, and is preferentially localized to the NFR-distal side of +1 nucleosomes with high turnover. At highly expressed genes, histone modifications linked to transcription (H2BK123ub and H3K9ac) are asymmetrically localized on the side of the +1 nucleosome closest to the NFR. H3K9ac is also associated with interactions between the H3 tail and DNA in the NFR. Away from promoters, histone H3 tails interact with linker DNA, except when H3K36 is methylated.
